Daily postpartum separations from the litter produce enduring changes in anxiety and sensitivity to the antinociceptive effects of morphine in Long-Evans dams. We tested whether postpartum experience alters sensitivity to the effects of morphine on locomotor activity. Dams were tested 4-6 weeks after their pups were weaned, and had one of the following backgrounds: daily separation from the litter on postpartum days 2-14 for either 3 h (prolonged separationFLS) or 15 min (brief separationFBS), or no separation (nonhandled controlFNH). After 2 consecutive days (B1-2) of baseline activity measurements, subjects were tested daily after s.c. injections of either morphine (10 mg/kg) or saline for 7 days and again on day 10. Beginning 5 days later, saline and 1.0-10 mg/kg of morphine were tested in all dams. On B1, LS and BS dams habituated slower than NH controls, yielding higher horizontal counts. LS dams failed to habituate across baseline days and were more active than other dams on B2. Sensitization, a progressive increase in horizontal activity, was more rapid and robust in LS and BS dams compared to NH animals. LS was the only group that developed tolerance to morphine-induced decreases in vertical activity. In LS dams with the history of morphine treatment, injection of saline resulted in higher horizontal activity and center time compared to saline-treated counterparts, indicative of conditioning. Among animals with a history of saline treatment, LS dams were more sensitive to morphine challenges than BS and NH dams. As a result of the robust and long-lasting increases in the ability of morphine to induce behavioral sensitization in litter-separated dams, periodic postpartum separation may represent a new animal model of increased vulnerability to substance abuse.
INTRODUCTION
The results of extensive research during the last few decades provide ample evidence that both in humans and in animals early neonatal environment plays an important role in shaping an organism's physiology and behavior. For most newborn mammals, the mother is the major source of environmental stimulation; therefore, even minor perturbations in mother-infant interactions result in enduring changes in the offspring. For example, in humans, even suboptimal levels of nurturance during childhood can lead to increased vulnerability to mental illness as well as to substance abuse in adult life (Servant and Parquet, 1994; Triffleman et al, 1995; Young et al, 1997; Bernet and Stein, 1999; Medrano et al, 1999) . In the rat, the amount of maternal care (licking/grooming and arched-back nursing) an animal receives in infancy shapes its life-long behavioral and neuroendocrine reactivity to novel/aversive environments and other stressors (Liu et al, 1997; Caldji et al, 1998 Caldji et al, , 2000a . In fact, rats that are raised by mothers naturally low on licking/grooming and arched-back nursing, when tested as adults, resemble animals that experienced prolonged, daily separations from the mother during the first 2 weeks of life (Caldji et al, 1998) . Rats that experienced a deficit in maternal care, either naturally or via the procedure of maternal separation, exhibit increases in startle responses and withdrawal behaviors in a novel/aversive environment and increased hypothalamus-pituitary-adrenal (HPA) reactivity to stress (Plotsky and Meaney, 1993; Liu et al, 1997; Wigger and Neumann, 1999; Caldji et al, 1998; Huot et al, 2001; Kalinichev et al, 2002b) .
Mother-infant relationships in most mammals, including rats, have been characterized as dyadic and reciprocal (Alberts and Gubernick, 1983) . As a result of selective responsiveness toward each other, behavioral activities and physiological states of each member of this dyad are, in part, reciprocally regulated by the other member (Alberts and Gubernick, 1983) . Therefore, in the rat, in procedures that involve neonatal manipulations of the young, such as maternal separation, it is virtually impossible not to impact the other member of this dyadFthe mother. While the long-lasting effects of mother-litter separation on the offspring have been extensively investigated, far fewer studies have addressed whether these manipulations can lead to enduring changes in the mother. Periodic separations from the offspring alter maternal behavior of the dam, even though the exact nature of this impact is still debated (Lee and Williams, 1974; Liu et al, 1997; Boccia and Pedersen, 2001; Pryce et al, 2001) . We provided the first evidence that in the rat, the impact on the dam of periodic separations from the litter is long lasting and involves fear/ anxiety neural networks as well as endogenous opioid systems (Kalinichev et al, 2000) . Indeed, the maternal neural system is involved in active 'crosstalk' with the fear/ anxiety-mediating neural system (Fleming et al, 1980 (Fleming et al, , 1988 (Fleming et al, , 1989 Fleming and Luebke, 1981) and is modulated by endogenous opioids (Mayer et al, 1985; Panksepp et al, 1994; Zaias et al, 1996; Nelson and Panksepp, 1998; Byrnes and Bridges, 2000) .
In this study, we continued to investigate the possible link between postpartum experience and long-lasting changes in opioid systems. We addressed the question of whether periodic postpartum separation from the offspring can result in long-lasting changes in sensitivity to repeated morphine administration. In the rat, repeated intermittent injection of morphine can result in two phenomena: an enhancement of the locomotor-stimulant action of the drug (ie sensitization) or attenuation of the motor-depressant action of the drug (ie tolerance; Babbini and Davis, 1972; Brady and Holtzman, 1981; Bartoletti et al, 1983; Kalivas and Stewart, 1991; Stewart and Badiani, 1993; Rauhala et al, 1995; Powell and Holtzman, 2001) . Behavioral sensitization as a result of repeated intermittent morphine administration has been studied extensively to understand such phenomena as drug seeking, drug taking, and relapse behaviors that characterize addiction (Wise and Bozarth, 1987; Robinson and Berridge, 1993; Berridge and Robinson, 1995) . We evaluated the effect of repeated morphine administration on the locomotor activity of Long-Evans dams that had experienced either prolonged (3-h), brief (15-min), or no separations from the offspring during the first 2 weeks postpartum. Long-lasting changes in sensitivity to morphine as a result of postpartum separation may provide a useful new animal model for understanding environmental factors that shape vulnerability to drug abuse in child-bearing women.
METHODS Subjects
Long-Evans hooded primiparous female rats (Blue-Spruce; Harlan Sprague-Dawley Inc., Indianapolis, IN) were tested at approximately 120 days of age, 4-6 weeks after their pups were weaned. A total of 56 dams were used in this study. They were shipped to our facility on the 12th day of pregnancy in three sets containing 20, 20, and 16 animals. Food and water were always available ad libitum. The colony room was maintained on a 12 : 12 light : dark cycle with lights on at 7 am. This study was performed in full accordance with the 1996 Guide for the Care and Use of Laboratory Animals (National Academy of Sciences), and the research protocol was approved by the Institutional Animal Care and Use Committee of Emory University.
Postpartum Separation Procedures
We used a procedure for mother-litter separation (Figure 1 ) that has been used extensively by our laboratory and other laboratories to evaluate the impact of separation on the offspring (Plotsky and Meaney, 1993; Wigger and Neumann, 1999; Caldji et al, 2000; Liu et al, 2000; Huot et al, 2001; Kalinichev et al, 2001a Kalinichev et al, , b, 2002a . The same mother-litter separation procedure induced enduring changes in anxietylike behaviors and sensitivity to antinociceptive effects of morphine in litter-separated dams (Kalinichev et al, 2000) . Pups were taken from their mothers, and then randomly redistributed among the dams on postpartum day 2 (date of birth ¼ day 1) as all-male (eight pups) litters (Plotsky and Meaney, 1993) . A total of 46 dams received all-male litters after the pup redistribution. In addition, following our previous protocol (Kalinichev et al, 2000) , some of the dams (n ¼ 7) received all-female litters consisting of 10 pups, to approximate the total weight of an all-male litter. Dams that were raising all-female litters were equally distributed among the postpartum experience groups (n ¼ 2-3/postpartum group). Postpartum experience of prolonged periodic separation (LS) involved removing the entire litter Figure 1 The time line of the mother-litter separation and morphine-induced sensitization/tolerance procedures. Manipulations were performed on postpartum (P) days 2-14 (see the text). At 4-6 weeks after pups were weaned, dams were tested for baseline activity on 2 consecutive days (B1, B2). During the induction phase (D1-10) they were injected with either 10 mg/kg of morphine or saline on D1-D7 and D10. During the expression phase (D15-21), all dams were given saline, 1.0, 3.0, and 10 mg/kg morphine on D15, D17, D19, and D21, respectively, and activity was tested after each injection.
Postpartum experience alters sensitivity to morphine M Kalinichev et al from the dam for 3 h. This was done daily between 0900 and 1200 h on postpartum days 2-14. Dams that underwent brief periodic separation (BS) experienced a similar procedure, beginning at the same time; however, the pups remained away from the dam for only 15 min. The litters of nonhandled (NH) dams were removed briefly for assignment and pup sexing (postpartum day 2) and thereafter were left undisturbed until weaning. After weaning of pups, dams were kept isolated for 1 week and were then pair-housed with other dams from the same treatment group.
Locomotor Apparatus
Eight Omitech Digiscan Activity Monitors (Omnitech Electronics Inc., Columbus, OH), equipped with the VersaMax software (Version 1.30, Omnitech Electronics Inc.), were used to measure locomotor activity as described previously (Kalinichev et al, 2000 (Kalinichev et al, , 2002a . Briefly, each animal was tested in an acrylic box (40 Â 40 Â 30 cm 3 ) surrounded by a framework of photobeams inside a ventilated, sound-attenuating cubicle. Locomotor movements were determined by breaks in photobeams and were converted into locomotor activity counts with the aid of the software VersaDat (Version 1.3; Omnitech Electronics Inc.).
This system provided an automated calculation of several measures of motor activity. Out of several variables we analyzed two key, mutually exclusive behaviors: ambulation (measured in horizontal activity counts) and rearing (measured in vertical activity counts). These behaviors have been used routinely as reliable measures of locomotor activity in the rat (Ivinskis, 1970; Walsh and Cummins, 1976 ). As we found in our previous (Kalinichev et al, 2002a) and present study (see below), measuring horizontal and vertical activity allows a concomitant assessment of two independent phenomena of neuronal plasticity, behavioral sensitization (via the changes in horizontal activity), and tolerance (via the changes in vertical activity). In addition, time spent in the center of locomotor arenas was analyzed as an index of emotionality in the rat (Valle, 1970; Harro, 1993) .
Locomotor Sensitization/Tolerance (Induction Phase)
The procedure (Figure 1 ) was the same one that we used to study morphine-induced locomotor sensitization/tolerance in maternally separated offspring (Kalinichev et al, 2002a) . The baseline locomotor activity was measured for 2 h daily on 2 consecutive baseline days (B1 and B2). The horizontal activity of two dams (BS and NH) on B1 exceeded the corresponding group means by more than three standard deviations. These animals, as well as one dam (BS) that died after receiving morphine on the first day of injections, were excluded from further analysis. At 24-48 h after the second baseline session (injection day 1) animals received an injection of either 10 mg/kg of morphine (morphine group) or saline (saline group) immediately before being placed in the testing chambers for 2-h sessions. Injections continued daily for 7 days ( Figure 1 ). On days 3, 5, and 7, dams were tested for locomotor activity (2 h) immediately after receiving the injection. On days 2, 4, and 6, animals received the appropriate injection in the home cage. On day 10, after a 2-day break from injections and testing, dams were tested for locomotor activity (2 h) immediately after receiving the group-appropriate injections.
Locomotor Sensitization/Tolerance (Expression Phase)
A morphine dose-response curve (sal, 1.0, 3.0, 10 mg/kg) was determined in all dams across days 15, 17, 19, and 21 ( Figure 1 ). Doses were administered in ascending order, beginning with saline, in order to minimize the influence of morphine on whatever states of tolerance and/or sensitization might exist. No injections were given or tests done on days 11-14, 16, 18, and 20.
Drug
Morphine sulfate (Penick, Newark, NJ) was dissolved in saline and administered s.c. in a volume of 1.0 ml/kg body weight. All doses are expressed as the free base.
Data Analysis
A repeated measures or factorial analysis of variance (ANOVAs) was used to determine if there was a significant main effect. Dunnett's (for comparisons with a single mean) and Fisher's protected least significant difference post hoc tests were used for multiple comparisons. The alpha level chosen was Pp0.05.
RESULTS
The dams that raised all-male and all-female litters did not differ in any measures of baseline activity. Furthermore, inclusion or exclusion of dams that raised all-female litters (n ¼ 1-2/postpartum experience/drug treatment group) into the analysis together with the dams that raised all male litters (n ¼ 5-9/postpartum experience/drug treatment group) produced virtually identical results. Therefore, the analyses presented below include all of the dams tested.
Locomotor Activity in a Novel Environment
Horizontal activity. On baseline day 1 postpartum experience significantly (F(2, 350) ¼ 5.16, p ¼ 0.01) influenced the rapid decline (F(7, 350) ¼ 272.47, po0.0001) of horizontal activity over the 2-h session in all groups. A significant time Â postpartum experience interaction (F(14, 350) ¼ 2.04, p ¼ 0.01) indicated that the initial habituation of activity was more rapid in NH dams compared to other groups ( Figure 2a ). On baseline day 1, the total number of horizontal counts over 2 h by LS and BS groups was significantly higher (F(2, 50) ¼ 5.20, po0.01) compared to NH dams ( Figure 2b ). On baseline day 2, the total number of horizontal counts by LS dams was significantly higher (F(2, 50) ¼ 12.65, po0.0001) than that of either BS or NH dams (Figure 2c ).
Vertical activity. Even though vertical activity declined significantly (F(7, 350) ¼ 185.17, po0.0001) and similarly among the postpartum experience groups, when BS dams were excluded from the analysis, LS dams were slower to habituate (F(7, 245) ¼ 2.00, p ¼ 0.05), and had overall higher levels of activity (F(1, 245) ¼ 4.30, po0.05) compared to NH dams ( Figure 2d ). While on baseline day 1 there was no difference across the postpartum experience groups in total counts (Figure 2e ), on baseline day 2 the total vertical activity of LS dams was significantly higher (F(2, 50) ¼ 8.03, po0.001) than that of either BS or NH dams ( Figure 2f ).
Center time. During the 2-h session of baseline activity on day 1, the center time declined significantly over time (F(7, 350) ¼ 6.61, po0.0001; Figure 2g ). The effect of postpartum experience did not reach statistical significance (F(2, 350) ¼ 2.69, p ¼ 0.08), and there was no significant time Â postpartum experience interaction. However, the total center time was significantly higher (F(2, 50) ¼ 3.37, po0.05) for BS dams compared to NH dams (Figure 2h ). On baseline day 2 the total center time was significantly higher for LS dams (F(2, 50) ¼ 4.03, po0.05) compared to either BS or NH dams (Figure 2i ).
Induction Phase of Locomotor Tolerance/Sensitization
Horizontal activity. Daily injections of 10 mg/kg of morphine during the induction phase of sensitization resulted in progressive increases in horizontal counts by all dams: by day 7, horizontal counts exceeded significantly those on day 1 in all groups (Figure 3a-c) . However, the onset of sensitization was more rapid and robust in LS and BS dams: by day 5, activity counts of morphine-treated animals exceeded those of saline-treated controls by almost 4 times (po0.05). In contrast, on day 5, morphine-treated NH dams were only 1.6 times more active than salinetreated NH animals. An ANOVA ('postpartum experience' and 'treatment' as between factors, and 'day' as within factor) revealed significant main effects of treatment (F(1, 188) ¼ 26.45, po0.0001) and day (F(4, 188) ¼ 7.47, po0.0001), and a significant day Â treatment interaction (F(4, 188) ¼ 10.25, po0.0001); the factor of postpartum experience only approached statistical significance (F(2, 188) ¼ 2.63, p ¼ 0.08). The time-course comparisons of the groups on treatment days 1 and 10 are presented in Figure 3d -g.
Vertical activity. Initial exposures to 10 mg/kg of morphine did not change the vertical activity of NH dams, while reducing the activity of LS and BS dams relative to their saline-treated controls (Figure 4a-c) . With daily injections of morphine, the vertical activity of BS and NH dams failed to change significantly over 10 days of morphine treatment (Figure 4a, b) . In contrast, the vertical activity of LS dams increased significantly over time: by day 10, vertical counts exceeded those on day 1 (Figure 4c ). An overall ANOVA revealed a significant main effect of treatment (F(1, 188) ¼ 5.94, po0.05) and day (F(4, 188) ¼ 3.80, po0.01) as well as a significant day Â postpartum experience (F(8, 188) ¼ 2.07, po0.05), day Â treatment Figure 3 Horizontal activity counts of LS, BS, and NH dams exposed to either saline (sal; open symbols) or 10 mg/kg of morphine (mor; filled symbols) regimens during the induction phase of sensitization. The points above B1 and B2 were reproduced from the data in Figure 2 . Numbers represent mean ( 7 SEM) total counts (a-c) or in 15-min intervals on days 1 and 10 (d-g). ## po0.05 compared to the performance on B1; *po0.05 compared to the corresponding saline group; # po0.05 compared to the performance on injection day 1 (n ¼ 7-13/group). Figure 4 Vertical activity counts of LS, BS, and NH dams exposed to either saline (sal; open symbols) or 10 mg/kg of morphine (mor; filled symbols) regimens during the induction phase of tolerance. The points above B1 and B2 were reproduced from the data in Figure 2 . Numbers represent mean ( 7 SEM) total counts (a-c) or in 15-min intervals on days 1 and 10 (d-g).
## po0.05 compared to the performance on B1; *po0.05 compared to the corresponding saline group; # po0.05 compared to the performance on injection day 1 (n ¼ 7-13/group). Center time. Repeated injections of either morphine or saline failed to alter center time in all groups, even though morphine-treated animals tended to spend more time in the center than their saline-treated counterparts (Figure 5a-c ). An overall ANOVA revealed a significant main effect of treatment (F(1, 188) ¼ 6.13, p ¼ 0.01), while the effect of day barely missed reaching statistical significance (F(4, 188) ¼ 2.32, p ¼ 0.06). The time-course comparisons of the groups on treatment days 1 and 10 are presented in Figure 5d -g.
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Expression Phase of Locomotor Tolerance/Sensitization
Horizontal activity. In response to a saline injection, horizontal activity of NH dams with the history of morphine exposure was virtually identical to that of NH dams with a history of saline exposure (Figure 6a ; points above 'SAL'). In contrast, LS (130%; t ¼ 8.06; df ¼ 1, 12, po0.0001) and BS (70%; t ¼ 2.15; df ¼ 1, 14, po0.05) dams with a history of morphine exposure had significantly higher horizontal counts compared to corresponding saline-history animals (Figure 6b , c; points above 'SAL'). When dams were challenged with increasing doses of morphine, there was a significant main effect of dose on the activity of all animalsFLS (F(2, 18) ¼ 14.32, po0.001), BS (F(2, 28) ¼ 11.55, po0.001), and NH (F(2, 42) ¼ 32.76, po0.0001) dams. There was a significant main effect of previous drug history on the horizontal activity of BS (F(1, 28) ¼ 9.53, po0.01) and NH (F(1, 42) ¼ 13.70, p ¼ 0.001) dams, but not on the activity of LS animals (F(1, 24) ¼ 3.16, p ¼ 0.1).
In response to morphine challenge, the overall differences in horizontal activity across groups with a history of saline treatment approached significance (F(2, 44) ¼ 2.99, p ¼ 0.07). Planned comparisons revealed that LS dams were significantly (po0.05) and consistently more active after challenge doses of morphine than either BS or NH dams (Figure 6d ). Horizontal activity in response to morphine challenge was similar among groups with a history of morphine treatment (Figure 6e ).
Vertical counts. Saline injection resulted in similar levels of vertical activity in morphine-and saline-history animals regardless of their postnatal experience (Figure 7a-c (Figure 7a , b). In contrast, there was a significant dose Â treatment history interaction in the LS group (F(2, 18) ¼ 4.52, po0.05); a post hoc test revealed that morphine-history dams were more active than saline-history animals in response to the two lower doses (1.0 and 3.0 mg/kg) of morphine ( Figure 7c ). Vertical activity in response to morphine challenge was similar among the saline-history (Figure 7d ) and morphine-history (Figure 7e ) animals. Time (min) Figure 5 Time (sec) spent in the center of locomotor boxes by LS, BS, and NH dams exposed to either saline (sal; open symbols) or 10 mg/kg of morphine (mor; filled symbols) regimens during the induction phase of sensitization. The points above B1 and B2 were reproduced from the data in Figure 2 . Numbers represent mean ( 7 SEM) total counts (a-c) or in 15-min intervals on days 1 and 10 (d-g; n ¼ 7-13/group).
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Center time. In response to a saline injection, LS was the only group in which dams with a history of morphine exposure had a significantly higher (120%; t ¼ 2.58; df ¼ 1, 12, po0.05) center time compared to corresponding saline-history animals (Figure 8a- Figure 8a -c). Among saline-history dams (Figure 8d ), an overall repeated-measures ANOVA revealed a significant main effect of dose (F(2, 44) ¼ 7.40, po0.01) and postpartum experience (F(2, 44) ¼ 4.83, po0.05), but no significant dose Â post-partum experience interaction (F(4, 44) ¼ 1.69, p40.1). Post hoc tests revealed that across increasing doses of morphine (1.0-10 mg/kg), LS and BS dams with a history of saline treatment spent significantly (po0.05) more time in the center than NH dams. Morphine-history dams were similar in the amount of time they spent in the center of locomotor arenas, regardless of postpartum experience (Figure 8e ). (n=8) LS (n=7) NH (n=10) BS (n=8) LS (n=7) Figure 6 Horizontal activity counts of LS, BS, and NH dams with a history of either saline (sal; open symbols) or 10 mg/kg of morphine (mor; filled symbols) treatment in response to increasing doses of mor during the expression phase of sensitization. Each point represents the mean ( 7 SEM). *po0.05 compared to the corresponding saline group; *po0.05 compared to BS and NH dams (n ¼ 7-13/group). LS (n=7) mor-history NH (n=13) BS (n=8) LS (n=7) * * Figure 7 Vertical activity counts of LS, BS, and NH dams with a history of either saline (sal; open symbols) or 10 mg/kg of morphine (mor; filled symbols) treatment in response to increasing doses of mor during the expression phase of sensitization. Each point represents the mean ( 7 SEM). *po0.05 compared to the corresponding saline group (n ¼ 7-13/group).
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DISCUSSION
Repeated separation of Long-Evans dams from their litters postpartum had a robust and enduring impact on the motor responses of the dams to a novel environment, to conditioning, and to morphine. When tested 4-6 weeks after weaning of their pups, litter-separated dams, especially the 3-h separated animals (LS group), exhibited locomotor activity in a novel environment that differed from that of nonseparated dams (NH group). On baseline day 1, the horizontal (LS and BS) and vertical activity (LS) of litter-separated dams declined slower over the course of the session than the activity of NH controls. Furthermore, LS dams exhibited a remarkable lack of habituation in all measures of activity across the 2 baseline days, in contrast to the other two groups. As a consequence, all measures of activity of LS dams were higher than those of the other groups by 150-180% on the second baseline day. This difference in habituation rates between LS and NH groups over 2 h of testing was still present in saline-injected animals (vertical activity), and persisted as a trend for the 10 days of treatment. This is the first evidence that periodic prolonged mother-litter separations of rats can result in long-lasting changes in attentional processes of the mother. Using similar methods, we previously reported that over 3 consecutive days LS dams spent more time in the center of a novel arena than BS and NH dams, while there were no differences across the groups in horizontal and vertical counts (Kalinichev et al, 2000) . A more detailed analysis of those data revealed that, as a trend, LS dams were slower to habituate compared to NH dams in horizontal and vertical activity. This yielded the differences between LS and NH groups on those activity measures on the second day of testing that approached, but did not reach, statistical significance. The fact that there was higher variability and fewer animals in our study performed 2 years earlier might have contributed to the small discrepancy in the results of the two studies.
Rats that exhibit high levels of locomotion in a novel environment (high responders, HRs) compared to low responders (LRs) are also more active in an aversive environment typically associated with anxiety, such as open arms of the elevated plus-maze (Kabbaj et al, 2000) or brightly illuminated arenas (Dellu et al, 1993; Kabbaj et al, 2000) . Some of the phenotypic differences between 3-h separated and nonseparated dams resemble those between HRs and LRs. For example, similar to HRs, LS dams are more active in a novel environment as well as in open arms of the plus-maze (Kalinichev et al, 2000) . In response to startle-inducing, loud auditory stimuli, HRs emit ultrasonic distress vocalizations for a significantly longer period than LR animals (White, unpublished data); under the same conditions LS dams are more likely to vocalize than NH controls (Kalinichev et al, 2000) . Also similar to HR animals (Deroche et al, 1993) , LS dams appear to be more sensitive to acute locomotor stimulant effects of morphine (see below). There is accumulating evidence that HR rats are more likely to self-administer amphetamine, cocaine, and nicotine and in higher quantities than LRs (Pierre and Vezina, 1997; Klebaur and Bardo, 1999; Suto et al, 2001) . Given the similarity between the LS and HR behavioral phenotypes, it will be interesting to determine if the experience of repeated 3-h separation from the litter also increases the probability of drug self-administration.
Daily administration of 10 mg/kg of morphine resulted in a pattern of activity that differed between litter-separated and control dams, again most markedly and consistently between LS and NH dams. For example, daily morphine injections produced rapid and dramatic increases in the horizontal activity of LS and BS dams, which by day 5 exceeded that of corresponding saline-treated controls by almost four-fold, indicative of sensitization. In contrast, the Postpartum experience alters sensitivity to morphine M Kalinichev et al horizontal activity of morphine-treated NH dams required 7 days to increase significantly, at which time it was only 1.6 times higher than that of the corresponding saline-treated animals. Also in the induction phase, the vertical activity of LS dams, suppressed initially by 10 mg/kg of morphine, rebounded rapidly, reaching levels similar to those of the corresponding saline-treated animals by day 5, indicative of tolerance. In the expression phase, LS and BS dams with a history of morphine treatment had increases in horizontal activity counts and center time after an injection of saline relative to the activity of the corresponding groups with a history of saline treatment. These increases in activity were robust (130 and 70%, respectively) despite the fact that some of the morphine injections were given in the home cage, a design that usually weakens conditioning. In contrast, the horizontal activity of the NH group with a history of morphine treatment did not change after the injection of saline. In the expression phase, sensitization to the stimulant effect of acutely administered morphine was evident in the LS animals that had a history of saline treatment. Across all doses of morphine used (1.0, 3.0, and 10 mg/kg), the LS dams had higher levels of horizontal activity than either of the other two groups and spent more time in the center of the chamber than NH dams. Thus, in Long-Evans dams sensitivity to acute locomotor stimulant effects of morphine appears to be increased as a result of periodic prolonged separations from the litter. This sensitization was specific to horizontal movements and center time: there were no group differences in vertical activity after injections of morphine. Differences across the postpartum experience groups in the induction phase of sensitization/tolerance were large, whereas group differences in the expression phase were more modest. Therefore, it is likely that LS, BS, and NH dams differ in time courses rather than in actual mechanisms of sensitization and tolerance.
The high sensitivity to acute morphine of LS dams with a history of saline treatment might have masked the expression of sensitization to the effects of morphine on horizontal activity by LS dams treated previously with morphine. However, in the case of vertical activity, where there were no group differences among saline-history dams, sensitization to morphine was most apparent in LS dams with a history of morphine treatment.
The experience of repeated separations from the litter during the postpartum period, either prolonged or brief, resulted in phenotypes (LS and BS respectively) that resemble each other in the direction of change. In some behaviors BS dams exhibited changes that were similar in magnitude to those exhibited by LS dams, while in other behaviors BS dams fall between the LS and NH groups. For example, in the induction phase, BS dams were similar to LS dams in the rate and magnitude of sensitization; however, in baseline activity on B2 and in sensitivity to acute morphine, BS dams resembled NH controls. We reported previously that BS dams resembled LS dams in the propensity to emit ultrasonic vocalization when startled and in the duration of activity on the open arms of a plus-maze; however, the number of open-arm entries and sensitivity to antinociceptive effects of morphine were similar in BS and NH dams (Kalinichev et al, 2000) . Thus, based on changes in sensitivity to some effects of morphine and some measures of anxiety-like behavior, prolonged and brief separations from the litter during the first 2 weeks postpartum may represent a similar manipulation of different intensity.
There is some evidence that in mixed-sex litters LongEvans dams lick their male pups more often and for a longer period than they lick female pups (Moore and Morelli, 1979; Moore et al, 1997; Agnish and Keller, 1997) . There is a possibility that using the same-sex litters can influence some aspects of postpartum separation and its effects on the dam. Regardless of whether similar differences in maternal care also exist in the same-sex litter design, the baseline and morphine-mediated locomotor activity assessed 4-6 weeks after weaning of pups appears not to have been influenced by the litter composition.
In our experiment all the dams were tested 4-6 weeks after pups were weaned. Since female rats resume their cyclicity within only 4-6 days after weaning of their pups, all the experimental subjects had returned to normal cycling well before our study began. Testing for locomotor activity and sensitivity to morphine was performed during random stages of the estrus cycle. The motor activity of female rats varies across the estrous cycle (Quadagno et al, 1972; Steiner et al, 1982) ; therefore we need to consider the possibility that estrous cycle may have been a confounding variable in this study. However, testing dams at random stages of the estrous cycle did not prevent detecting significant and robust differences in baseline activity and sensitivity to morphine across postpartum experience groups. Furthermore, the testing protocol was the same for rats in the three postpartum experience groups, so any influence of the estrous cycle would have been the same for all groups. Is it possible that the increases in activity are especially dramatic during a particular phase of the estrous cycle? Will the impact of postpartum separation persist if the subjects are ovariectomized? These interesting questions require further investigation.
The plethora of enduring changes that occur as a result of mother-litter separation in the mother appears to parallel those that occur in the other member of the dyad, the offspring (Kalinichev et al, 2001a (Kalinichev et al, , 2002a . For example, offspring that had experienced daily 3-h or 15-min separation from their mothers were more active in a novel environment than were corresponding nonseparated controls (Kalinichev et al, 2002a) . Daily exposure to 10 mg/kg of morphine produced rapid and robust sensitization and tolerance in the offspring that experienced 3-h separations. In sharp contrast, corresponding nonseparated controls failed to show these changes. Furthermore, while in 3-h separated offspring exposure to drug-associated cues on a nondrug day resulted in robust (240-260%) increases in horizontal and vertical activity, in nonseparated animals such increases were confined to vertical activity only. We also reported that periodic 3-h mother-litter separation produces a long-lasting decrease in sensitivity to antinociceptive qualities of morphine both in separated mothers (Kalinichev et al, 2000) and separated male offspring (Kalinichev et al, 2001a) . Therefore, periodic mother-litter separations during the first two postpartum weeks appear to result in enduring changes in sensitivity to morphine both in separated mothers and their offspring. These changes could reflect significant alterations in endogenous opioid systems.
In the rat, the first few weeks of life are characterized by a significant developmental plasticity of the opioid systems (Bayon et al, 1979; Tsang et al, 1982; Spain et al, 1985; Petrillo et al, 1987) . The opioid systems remain remarkably plastic throughout adult life (Kalinichev et al, 2000) . Also, both in rats and in humans, the postpartum period is characterized by significant plasticity in multiple neural systems (Russell et al, 2001 ) and intense reciprocal mother-offspring interactions. Therefore, it is conceivable that periodic mother-litter separations result in enduring changes in opioid systems that occur not only in the offspring but in the mother as well.
There is a large body of evidence indicating that each phase of maternal behavior in the rat is modulated by endogenous opioids. The endogenous opioids appear to be necessary for normal pup-cleaning and placentophagia by the dam at parturition (Mayer et al, 1985) , basic attraction to newborns (Zaias et al, 1996) , as well as maternal memory (Byrnes and Bridges, 2000) . Once maternal behavior is established, endogenous opioids modulate maternal motivation (Panksepp et al, 1994) as well as inhibit active maternal behaviors during nursing bouts in rats and mice (Haney and Miczek, 1989; Mann et al, 1991) , thereby contributing to homeostasis in maternal care (Panksepp et al, 1994; Bridges, 1996) . Perhaps repeated prolonged separations from the litter or interactions with the separated litter after its return to the nest alter certain characteristics of opioid neurons that regulate maternal behavior. Whether or not repeated separation from the litter results in changes in opioid neurons of the preoptic/hypothalamic area and their regulation of maternal care in the dam remains to be determined. However, the fact that postpartum experience alters locomotor reactivity to a novel environment as well as sensitivity to acute and repeated morphine administration indicates that changes in opioid systems are not restricted to the hypothalamus. At this point we can only speculate unprofitably about the particular changes in opioid systems that occur in dams as a result of postpartum experience. Additional studies are necessary to address this issue directly.
Morphine-induced tolerance and sensitization are thought to be mediated by m-and d-opioid receptors and are long lasting (Babbini et al, 1975; Spanagel et al, 1993; Powell and Holtzman, 2001 ). The complex neuroadaptive phenomena that are reflected in behavioral sensitization are believed to play an important role in the development of drug seeking, drug taking, and relapse behaviors that characterize addiction (Wise and Bozarth, 1987; Robinson and Berridge, 1993; Berridge and Robinson, 1995) . Therefore, studying behavioral sensitization in dams with the experience of disrupted interactions with their offspring might shed new light in understanding environmental factors that lead to increased vulnerability to drug abuse.
